The self-assembly and redox-properties of two viologen derivatives, N-hexyl-N 0 -(6-thiohexyl)-4,4 0 -bipyridinium bromide (HS-6V6-H) and N,N 0 -bis(6-thiohexyl)-4,4 0bipyridinium bromide (HS-6V6-SH), immobilized on Au(111)-(1 Â 1) macro-electrodes were investigated by cyclic voltammetry, surface enhanced infrared spectroscopy (SEIRAS) and in situ scanning tunneling microscopy (STM). Depending on the assembly conditions one could distinguish three different types of adlayers for both viologens: a low coverage disordered and an ordered ''striped'' phase of flat oriented molecules as well as a high coverage monolayer composed of tilted viologen moieties. Both molecules, HS-6V6-H and HS-6V6-SH, were successfully immobilized on Au(poly) nano-electrodes, which gave a well-defined redox-response in the lower pA-current range. An in situ STM configuration was employed to explore electron transport properties of single molecule junctions Au(T)|HS-6V6-SH(HS-6V6-H)|Au(S). The observed sigmoidal potential dependence, measured at variable substrate potential E S and at constant bias voltage (E T À E S ), was attributed to electronic structure changes of the viologen moiety during the one-electron reduction/re-oxidation process V 21 2 V 1d . Tunneling experiments in asymmetric, STM-based junctions Au(T)-S-6V6-H|Au(S) revealed current (i T )-voltage (E T ) curves with a maximum located at the equilibrium potential of the redox-process V 21 2 V 1d . The experimental i T À E T characteristics of the HS-6V6-H-modified tunneling junction were tentatively attributed to a sequential two-step electron transfer mechanism. source: https://doi.org/10.7892/boris.39805 | downloaded: 6.3.2020 self-organization and recognition properties of the molecular building blocks, (3) implementation of localized functions such as charge transfer, p-p stack conductivity or molecular rectification, etc. 6, 7 The development of several experimental techniques, including mechanically controlled break junctions, 8-10 nanopores, 11,12 nanowires, 4 crossed wires, 13 solid metal film 14 and mercury drop junctions, 15 and various scanning probes (SPM) 2,16-26 have enabled the ability to explore electrical properties of tailored individual molecules and/or molecular assemblies attached to conducting substrates. In SPM and surface nano-electrochemistry, the free or cluster tagged molecules 20,23 are typically in direct contact with one metal electrode. Bridging of individual molecules between a gold STM tip and a gold substrate was recently achieved in solution. [25] [26] [27] [28] The statistical analysis of repeatedly created junctions provided access to single molecule conductivities.
Introduction
As the miniaturization of electronic components approaches the nanometer scale, new concepts to tailor structure, functionality and fabrication strategies are essential to overcome the fundamental physical and economic limitations of conventional inorganic silicon technology. 1 Bottom up (self-) assembly of well-defined nanoscale building blocks, such as molecules, 2 quantum dots, 3 and nanowires, 4 having key properties controlled by size, morphology and chemical composition represent an attractive alternative. The idea of building an electronic device using individual molecules was first proposed by Aviram and Ratner. 5 The molecular approach bears several unique opportunities: (1) custom-design of nanoscale molecular units, (2) high reproducibility due to
The present paper is organized as follows: Experimental details are summarized in Section 2. We report electrochemical studies on Au (111) single crystal macro-electrodes and gold nano-electrodes on the self-assembly and redox-activity of HS-6V6-H and HS-6V6-SH employing cyclic voltammetry, in situ SEIRAS and STM. The final paragraph addresses an attempt to explore single molecule electron transport and electron tunneling at a potential-controlled electrode/electrolyte interface.
Experimental

Synthesis
The synthetic strategy to the viologen derivatives HS-6V6-H (1) and HS-6V6-SH (2) is based on the nucleophilic substitution reaction between pyridines and terminal alkyl bromides (Scheme 1). 64 HS-6V6-H (1) . The viologen core was first mono-functionalized with a hexyl chain. 4,4 0 -Bipyridine and the corresponding 1-bromo-n-hexane 3 have been heated to 90 1C in chloroform in a pressure tube. The crude products were dissolved in dichloromethane and separated from the insoluble doubly substituted viologen derivatives by filtration to afford the desired mono-substituted viologen 4 in reasonable yields of 78%. The nucleophilic terminal sulfur groups are masked as thioacetates. 65 The required bifunctional hexyl chain with a bromine atom at one end and an acetyl-protected sulfur at the opposite end 7 has been synthesized from the bromohexene 6 and thioacetic acid in the presence of a radical source (yield 81%). 66 Bromohexene 6 has been converted to 7 in good yields (81%) by refluxing in toluene with thioacetic acid and 1,1 0 -azobis(cyclohexanecarbonitrile). The acetyl protected hexyl bromide 7 and the mono-hexylviologen derivative 4 have been heated to 110 1C in dimethylformamide (DMF) to form the acetyl-protected target structure 5 in very good yields (97%). In variation of the literature procedure 65 we replaced acetylchloride by acetylbromide to form in situ HBr in methanol under an argon atmosphere to deprotect the acetyl groups of 5. HS-6V6-H (1) has been isolated as the pure bromide salt (yield 92%) as confirmed by elemental analysis.
HS-6V6-SH (2). 2.3 Equivalents of the terminally acetyl protected thiol-functionalized hexylbromide 7 have been used to substitute both nitrogens of 4,4 0 -bipyridine. The acetyl protected target structure 8 has been isolated in good yields (81%) after crystallization from ethanol. The acetylprotected viologen dithiol 8 was dissolved in methanol and an excess of acetylbromide was added at À78 1C to afford the desired viologen dithiol 2 after stirring at room temperature (yield 95%). N-Hexyl-N 0 -(6-thiohexyl)-4,4 0 -bipyridinium bromide, HS-6V6-H (1) . Yellow solid. Mp 274-275 1C; d H (300 MHz; MeOD; Me 4 Si) 0.93 (t, 3H, CH 3 , J ¼ 6.9 Hz), 1.30-1.70 (m, 12H), 2.04-2.20 (m, 4H), 2.52 (t, 2H, SCH 2 , J ¼ 6.4 Hz), 4.77 (td, 4H, J ¼ 2.1, J ¼ 6.8 Hz), 8.70 (d, 4H, J ¼ 6.7 Hz), 9.30 (d, 4H, J ¼ 6.1 Hz); d C (75 MHz; MeOD; Me 4 Si) 14.28, 23. 49, 24.76, 26.65, 26.91, 28.67, 32.32, 32.44, 32.54, 34.78, 63.20, 63.30, 128.33, 147.10, 151.31 ; Elemental analysis calcd (%) for C 22 H 34 Br 2 N 2 S: C 50.97, H 6.61, N 5.40, found: C 50.69, H 6.52, N 5.68; m/z (MALDI TOF) 357.5839 [M 1 À 2Br]. N,N 0 -Bis(6-thiohexyl)-4,4 0 -bipyridinium bromide, HS-6V6-SH (2) . Yellow solid (95%). Mp 263-265 1C; d H (300 MHz; MeOD; Me 4 Si) 1.38-1.58 (m, 8H), 1.64 (q, 4H, J ¼ 7.0 Hz), 2.11 (q, 4H, J ¼ 7.6 Hz), 2.51 (t, 4H, J ¼ 6. 8 Hz, SCH 2 ), 4.75 (t, 4H, J ¼ 7.5 Hz, NCH 2 ), 8.69 (d, 4H, J ¼ 6.6 Hz), 9.29 (d, 4H , J ¼ 6.6 Hz); d C (75 MHz; MeOD; Me 4 Si) 25 . 65, 27.45, 29.60, 33.21, 35.60, 64.10, 129.31, 148 .10, 152.32; Elemental analysis calcd. (%) for C 22 H 34 Br 2 N 2 S 2 : C 48.00, H 6.23, N 5.09, found: C 48.27, H 6.49, N 5.05; m/z (MALDI TOF) 390.0631 [M 1 À 2Br].
Electrolyte solutions, electrodes and electrochemical measurements
The electrolyte solutions were prepared with Milli-Q water (18 MO, 2 ppb TOC), KClO 4 (Fluka puriss p.a., twice recrystallized from water), HCl (suprapure Merck), KOH (suprapure Merck), Na 2 HPO 4 Á 2H 2 O (Fluka, puriss p.a.), NaH 2 PO 4 Á H 2 O (Fluka, BioChem Ultra) and ethanol (p.a., KMF). All electrolytes were deaerated with argon before and during the experiments. The measurements were carried out at 20 AE 0.5 1C. The glassware was cleaned either in caroic acid or in a 1 : 1 mixture of hot H 2 SO 4 (95-97%, pro-analysis, Merck) and HNO 3 (65% purissimum, Riedel-de-Haen), followed by extended rinsing with Milli-Q water.
Single crystal Au(111) electrodes were cylinders (EC, 4 mm height and 4 mm diameter) or discs (STM, 2 mm height and 10 mm diameter). They were flame-annealed with a hydrogen torch at red heat, and then cooled in high purity argon. Contact with the electrolyte was always established under potential control. Before modification with viologens island-free Au(111)-(1 Â 1) surfaces were prepared by immersing a freshly flame-annealed electrode under potential control at 0.50 V (vs. SCE) into deaerated 0.1 M HCl. After a waiting time of 60 s, the electrode was removed and thoroughly rinsed with Milli-Q water. 67 Gold nano-electrodes for electrochemical and STM experiments were prepared by etching a 0.25 mm diameter gold wire in a 1 : 1 mixture of ethanol and 36% HCl 68 and subsequent coating with polyethylene. The uncovered areas of these electrodes were typically 1 to 15 Â 10 À12 m 2 . 69 The preparation and characterization of quasi-single crystalline Au(111-25 nm) film electrodes used as substrate material in all SEIRAS experiments has been described previously in ref. 49 .
Electrochemical experiments with macro-electrodes were carried out with a custom-made set-up described in ref. 70 . A home-made low current potentiostat (resolution o 10 fA) has been developed for the studies with nano-electrodes. 69 All potentials in this paper are quoted with respect to a saturated calomel electrode (SCE). Contact to the electrolyte was always established under strict potential control.
Electrode modification
Three different protocols have been developed to prepare gold electrodes modified with HS-6V6-H or HS-6V6-SH: (1) Low coverage disordered adlayers were obtained after immersion of a freshly prepared Au(111)-(1 Â 1) electrode into a 50 mM deoxygenated ethanolic solution of the respective viologen derivative at room temperature for 1 min. (2) Low coverage ordered adlayers (''striped phases'', cf. paragraph 3.4) were prepared by exposure of the gold substrates at room temperature to 50 mM deoxygenated ethanolic viologen-containing solution for 2 min, and subsequent annealing in pure ethanol at 70 1C for 12 h. (3) High coverage monolayers were obtained by immersion of the gold substrates into 1 mM ethanolic solution followed by thermal annealing in ethanol at 70 1C for 12 h. The temperature treatment of the samples was carried out in closed containers, which were deoxygenated. After incubation, the samples were removed from the solutions, rinsed with ethanol and carefully dried in a stream of argon.
Spectroelectrochemical set-up
The in situ SEIRAS experiments were carried out with a Bruker IF 66v/s Fourier Transform Spectrometer synchronized with a Heka PG 310 potentiostat employing a vertical spectroelectrochemical cell in Kretschmann ATR-configuration and p-polarized infrared radiation from a globar source. 49 The working electrode was a quasi-single crystalline Au(111-25 nm) film electrode prepared by electron beam evaporation of gold onto the (111) plane of a silicon hemisphere, and subsequent electrochemical annealing. 49 The spectroelectrochemical measurements were carried out under potential sweep or potential step conditions. In potential sweep experiments (10 or 50 mV s À1 ), the spectrometer was operated in the slow scan mode. Typically, 80 sequentially acquired interferograms were co-added into each single beam spectrum. The spectra were plotted in absorbance units defined as A ¼ Àlog(I/I o ), where I and I o represent the intensities of the reflected radiation at the sample and the reference potentials, respectively. The complete description of the spectroelectrochemical ATR-SEIRAS experiment and of the sample preparation is given in ref. 49 .
STM and STS measurements
The STM and STS experiments were carried out with a Molecular Imaging Pico-SPM which was positioned in a hermetically sealed container to prevent oxygen exposure of the samples. The STM tips were electrochemically etched tungsten or gold wires (0.25 mm diameter) coated with polyethylene. Platinum wires served as quasi-reference and counter electrodes. Experiments in neutral electrolytes were carried out with silver wires as quasi-reference electrodes. All STM experiments were performed at room temperature in constant current mode with tunneling currents ranging between 3 and 200 pA.
Local electron transfer characteristics of Au(T)|HS-6V6-SH(HS-6V6-H)|Au(S) junctions were explored by combining current distance measurements with in situ STM imaging. 50 A gold tip (T) coated with polyethylene (free area of 1 to 15 Â 10 À12 m 2 ) was brought to a predefined xyz-position and held at fixed bias (E T À E S ). The distance z o to the adsorbate-covered gold substrate (S) was fixed choosing a tunneling setpoint current i o of 50 or 100 pA. After stabilization, the z-piezo feedback was disabled temporarily. The tip approached the surface up to z o À Dz a with maximum rate, was held at this position for 100 ms, and subsequently retracted to z o þ Dz r . The individual pulling traces were recorded (2000 data points, current range between 1 pA and 10 nA or, occasionally, between 10 pA and 100 nA). Typical values of Dz a and Dz r were 1.1 nm and 2 nm. i o and Dz a were carefully selected to ensure strong tip-adsorbate interactions, but not to drive the tip into the substrate surface. 25, 28, 50 The strategy allowed the spontaneous formation of molecular bridges between the gold STM tip and the substrate surface, 27 which were subsequently broken upon retraction. After enabling the z-feedback again, with the preset values of i o , the surface was inspected by STM-imaging in constant current mode.
Current-voltage spectroscopy was carried out with viologen-modified gold tips. The redoxactivity of these tips was tested by cyclic voltammetry. After mounting in the STM set-up the system was stabilized for several hours in a controlled argon atmosphere. The tunneling regime was established with set-point currents i o ranging between 30 pA and 200 pA to preserve the integrity of the viologen derivative in the gap. After equilibration, the z-piezo feedback was switched off, and several current voltage traces were recorded at fixed bias (E T À E S ) by sweeping simultaneously the potentials of tip (E T ) and substrate (E S ) with 2 V s À1 . We recorded individual single scans with 1000 data points. The cycle was repeated after stabilization at the preset values of i o . The solution resistance was carefully compensated by applying a positive feedback. The adlayer was prepared by immersion of the gold electrode in 1 mM ethanolic solution of HS-6V6-H followed by thermal annealing at 70 1C for 12 h (protocol 3). Contact with the electrolyte was established at E ¼ À0.700 V. The electrode potential was first scanned in the positive direction. The adlayer capacitance was estimated to be 8.8 mF cm À2 in À0.200 V o E o À0.300 V. This value is rather large compared to alkanethiols 71 and indicates the incorporation of water molecules or ions into the film. Subsequent potential excursion reveals three characteristic pairs of current peaks labeled P1/P1 0 , P2/P2 0 and P3/P3 0 . Restricting the potential range to E Z À1.050 V results in two pairs 
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of well-defined current peaks ( Fig. 1A ). P1 (E ¼ À0.440 V) and P1 0 (E ¼ À0.428 V) are assigned to the one-electron reaction V 21 2 V 1d . 51, 52 The peak-to-peak separation is rather constant up to 2 V s À1 , and the peak height scales linearly with the scan rate. The peak FWHM (P1, P1 0 ) is 0.091 V. These observations indicate a fairly reversible process. 72 These observations reveal that the redox process is due to surface confined viologen moieties. The coverage was estimated to be (3.5 AE 0.3) Â 10 À10 mol cm À2 , which corresponds to an area of 0.47 nm 2 per molecule. This value is in good agreement with literature data reported for related systems. 53, [56] [57] [58] 60 It is significantly smaller than the projected area of a planar oriented HS-6V6-H molecule (cf. crystal structure data in refs. 73 and 74) but larger than the estimated cross section of an all-trans oriented alkanethiol in a densely packed self-assembled monolayer. 75 This qualitative discussion points to a tilted orientation of the viologen moiety with respect to the surface normal as suggested by Sagara. 59 Attempts to estimate a rate constant from the variation of the peak separation on the scan rate and based on chronoamperometric experiments 72 with microelectrodes indicated that k o (at E P1/P1 0 ) 4 150 s À1 . 76 The second pair of peaks P2 (E ¼ À0.920 V) and P2 0 (E ¼ À0.900 V) is assigned to V 1d 2 V. 51, 52 The peak-to-peak separation is constant up to 1 V s À1 and the peak height scales linearly with the scan rate. The peak FWHM of P2 and P2 0 are estimated to be 0.110 V and 0.132 V, respectively. The broadening indicates quasi-reversibility and higher disorder within the adlayer. The latter might be attributed partially to the superposition with the process at P3/P3 0 . The narrow peak P3 at E ¼ À1.080 V, FWHM ¼ 0.023 V, is assigned to the reductive desorption of the redox-active adlayer. Current integration, after correction of the double layer contribution, yields a desorption charge of approximately (160 AE 10) mC cm À2 . This value is considerably larger than 70 mC cm À2 typically reported for alkanethiols, 71 and indicates contributions of parallel processes such as bromide (perchlorate) desorption and cation (potassium) re-adsorption. The occurrence of the corresponding anodic peak P3 0 at E ¼ À0.950 V points to a partial oxidative re-adsorption of HS-6V6-H on Au(111)-(1 Â 1). Multiple cycling in À1.150 V o E o À0.200 V results in rather distorted current-voltage characteristics and shall not be considered further.
Systematic studies on the modification of Au(111)-(1 Â 1) with HS-6V6-H revealed that a complete monolayer was obtained upon deposition from 1 mM ethanolic solution and annealing at 70 1C at incubation times longer than 1 h. No evidence for multilayer formation was obtained. Using lower concentrations of HS-6V6-H and shorter immersion times resulted, in a wide range of exposure times and after a subsequent thermal treatment in viologen-free ethanol, to rather stable coverages of the fully oxidized form of HS-6V6-H clustering around (0.9 AE 0.2) 10 À10 mol cm À2 . The redox-response of a film prepared according to protocol 2 (cf. Section 2.3) is presented as a dotted line in Fig. 1A , for clarity only in a limited potential range.
Au(111)-(1 Â 1) electrodes modified with the dithiol HS-6V6-SH, bromide salt, according to protocol 3 ( Fig. 1B) gave results similar to those just described for HS-6V6-H: The double layer capacitance of a freshly prepared film amounts to 10 mF cm À2 . The first pair of redox peaks is rather
, and scales linearly with the scan rate. Careful exclusion of oxygen during the assembly and characterization steps resulted in a rather symmetric peak shape. The peak current scales linearly with scan rate. The monolayer coverage is estimated to be (4.5 AE 0.5) Â 10 À10 mol cm À2 , which corresponds to an area of 0.37 nm 2 per molecule. The second pair of peaks is less reversible, P2 (E ¼ À0.970 V, FWHM ¼ 0.136 V), P2 0 (E ¼ À0.840 V), and one often observes a splitting of P2 0 . The reductive desorption occurs at P3 (E ¼ À1.210 V, FWHM ¼ 0.028 V), and consumes a charge of 140 mC cm À2 . Partial oxidative re-adsorption is observed at P3 0 (E ¼ À0.935 V). The larger values of the FWHM of both oxidation/reduction peaks attributed to the viologen moiety in HS-6V6-SH indicate repulsive interaction and a higher disorder within the dithiol viologen adlayer as compared to the monothiol film. The higher value of the interfacial capacitance and the more negative reductive desorption peak P3 may represent a more hydrophilic electrolyte|sulfur end group interface than in the case of the CH 3 -terminated monothiol. The latter trend was also observed in a comparative study of alkane mono-and dithiols on Au(111). 77 However, one important difference between HS-6V6-SH and HS-6V6-H needs to be mentioned: The presence of oxygen during the assembly process resulted in a distorted redox-response with indications of multi-layer formation. The strict absence of oxygen allowed us to prepare, for a wide range of conditions, adlayers with stable HS-6V6-SH coverages of G ¼ (1.1 AE 0.2) Â 10 À10 mol cm À2 according to protocol 2 (Section 2.3).
Comparing the potentials of the characteristic redox-processes V 21 2 V 1d and V 1d 2 V for HS-6V6-SH and HS-6V6-H under the present experimental conditions with literature data [51] [52] [53] [54] [56] [57] [58] [59] [60] 63 indicates that co-adsorbed bromide ions are partially replaced by perchlorate ions, which are in excess in the supporting electrolyte chosen in this study.
Cyclic voltammetry with gold nano-electrodes
The knowledge gained in the preparation and characterization of HS-6V6-H and HS-6V6-SH modified Au(111)-(1 Â 1) macro-electrodes was applied to immobilize the viologen derivatives on electrochemically etched gold nano-electrodes ( Fig. 2) , which were coated with an insulating layer of polyethylene except at the apex. The electrode area exposed to the electrolyte after coating was estimated from calibration experiments with polycrystalline macro-electrodes of known geometry based on the charges consumed during the gold surface oxidation and reduction. The dotted trace in Fig. 2 shows the voltammograms of a typical gold nano-electrode in 0.05 M KClO 4 , adjusted with phosphate buffer to pH 7. The effective free electrode area was estimated to 1.4 Â 10 À11 m 2 . The SEM image of the uncoated tip is displayed as an inset in Fig. 2 . Immobilization of the redox-active viologen was carried out by exposing the very end of the coated gold STM tip to a 1 mM ethanolic solution of HS-6V6-H or HS-6V6-SH in a controlled argon atmosphere for 1 h. Subsequently, the tip was carefully rinsed with pure ethanol, dried in a stream of argon, and immersed in a custommade electrochemical cell to access its activity. The solid trace in Fig. 2 reveals, as an example, a well-behaved redox-response V 21 2 V 1d of surface immobilized HS-6V6-H. The oxidation and reduction peaks were found at E ¼ À0.428 V and E ¼ À0.450 V. The peak height scales rather linearly with scan rate. The amount of immobilized viologen was derived from the charges of the oxidation and reduction peaks, after background subtraction and assuming a one-electron redoxprocess, to 5 Â 10 À12 C. Referring to the free electrode area one obtains as an estimation of the surface coverage 3.7 Â 10 À10 mol cm À2 . Similar results were also obtained with HS-6V6-SH. These observations are in very good agreement with the results reported for Au(111)-(1 Â 1) macroelectrodes indicating that the viologens retain their redox-functionality. Such modified nanoelectrodes are suitable candidates to explore tunneling characteristics of redox-molecule modified nanogaps by current-(bias) voltage spectroscopy employing an electrochemical STM configuration.
SEIRAS experiments on self-assembly and redox-functionality
The assembly of HS-6V6-H and HS-6V6-SH on quasi-single crystalline Au(111-25 nm) film electrodes was first monitored in ethanolic solution without potential control. We ensured that the formation and characterization of the adlayers was strictly carried out in the absence of oxygen. Exposure to 50 mM solution of the respective viologen derivatives for 2 min, subsequent rinsing with pure ethanol to remove second-layer adsorbates, and drying of the adlayer in a stream of argon, all within the same spectroelectrochemical cell, 49 resulted only in rather weak bands in the C-H stretching region. No bands related to in-plane vibrations of the bipyridinium ring were observed. Application of the surface selection rules of SEIRAS indicates that the above preparation yields viologen adlayers, where the aromatic ring appears to be oriented close to parallel to the gold surface. Longer assembly times in 1 mM ethanolic viologen containing solution gave high coverage monolayers with prominent vibration modes in the 3200-2800 cm À1 and 1750-1100 cm À1 regions ( Fig. 3A and 3B ). The reference spectra were acquired for the bare gold surface. The data for HS-6V6-H shall be described in detail. Differences of the HS-6V6-SH adlayer will be addressed comparatively. The bands in 3200-2800 cm À1 could be assigned to C-H stretching vibrations of the aromatic ring (u CH at 3060 cm À1 ), the CH 3 -asymmetric (u a (CH 3 ) at 2983 cm À1 ) and symmetric (u s (CH 3 ) at 2904 cm À1 ), respectively, the CH 2 -asymmetric (u a (CH 2 ) at 2939 cm À1 ) and the symmetric (u s (CH 2 ) at 2865 cm À1 ) stretching modes. [78] [79] [80] The vibration modes u a (CH 3 ) and u s (CH 3 ) are absent for the HS-6V6-SH adlayer (Fig. 3B ). The observed spectroscopic bands below 1750 cm À1 represent vibration modes of the bipyridinium ring having dipole moment components either parallel to the longer molecular axis, as defined by the 4,4 0 -N,N 0 -direction (B 2u in D 2h symmetry; 1641, 1508, 1222 and 1181 cm À1 with the latter dominated by the N-(CH 2 ) n -R stretching vibration), or perpendicular to this axis (B 3u modes in D 2h symmetry; 1560, 1448, 1345 cm À1 ). [78] [79] [80] [81] [82] [83] The positions of the methylene C-H-stretching modes provide a measure of the intermolecular environment of the alkyl chains in the molecular assembly. The peak frequencies of u s (CH 2 ) (2865 vs. 2850 cm À1 ) and u a (CH 2 ) (2939 vs. 2920 cm À1 ) in the liquid state are typically higher than those for a highly ordered crystalline polymethylene chain. 84 The applications of Porter's results to the present system leads to the conclusion that the methylene chain environment of the high coverage adlayers of HS-6V6-H and HS-6V6-SH are liquid-like, i.e., there exists a considerable degree of conformational disorder in the two-dimensional arrangement of the alkyl chains. The observation of the aromatic C-H stretching mode at 3060 cm À1 , together with the simultaneous occurrence of the B 2u and B 3u in-plane bipyridinium ring vibrations, indicate a tilted orientation of both, the long and the short axis of the coplanar viologen moiety 73, [78] [79] [80] with respect to the surface normal. Support for this conclusion is provided by recent results with related systems. Sagara et al. 57 concluded, using electro-reflectance spectroscopy that the long axis of the viologen group in N-butyl-N 0 -(4-thiobutyl)-4,4 0 -bipyridinium dihexaflourophosphate on Au(poly) exhibits an orientation angle of 701 with respect to the surface normal. Based on a combined infrared and near edge X-ray absorption fine structure spectroscopy study Rong et al. 85 reported tilting and leaning angles of 451 and 701, respectively, for the aromatic moiety in monolayers of o-(4 0 -methyl-biphenyl-4-yl)alkanethiols with an even number of methylene spacer groups on Au(111). 
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The above knowledge on the assembly of HS-6V6-H and HS-6V6-SH on gold from ethanol was applied to explore the adlayer properties under electrochemical conditions in 0.05 M KClO 4 with a pH adjusted to either 7 or (in some cases) to 10. Because of stability reasons of the adlayer we restricted the spectroelectrochemical studies to the potential region À0.700 V r E r À0.200 V, e.g., to V 21 2 V 1d . High coverage monolayers on Au(111, 25 nm) were prepared according to protocol 3 in paragraph 2.3. The in situ SEIRAS spectra were recorded with reference to the adsorbate free electrolyte at À0.200 V. While the spectral signature in the C-H stretching region appears to be similar to the results in bare ethanol (Fig. 3A) , we observed distinct changes in 1750-1000 cm À1 . The vibrations with net dipole moment changes parallel to the molecular axis defined by the 4,4 0 -N,N 0 -direction (B 2u , 1641, 1508, 1212, 1175 cm À1 ) appear with a higher intensity than the B 3u modes (1437, 1350 cm À1 ). This observation points to a stronger alignment of the viologen moiety with respect to the surface normal. Furthermore, we notice that the bipyridinium ring vibration at 1641 cm À1 is superimposed with a rather broad HOH bending mode of co-adsorbed interfacial water, d HOH . This finding supports our previous hypothesis based on values of the interfacial capacitance. The prominent positive peak at 1100 cm À1 is attributed to the symmetric Cl-O stretching mode of perchlorate ions incorporated into the HS-6V6-H respective HS-6V6-SH adlayer lattice. The presence of perchlorate ions increases the 2D order within the organic film as derived from peak shapes and intensities of the B 2u modes. The replacement of bromide or chloride ions in selfassembled monolayers of thiol-functionalized viologens by ions with a smaller dynamic hydration sphere, such as ClO 4 À and PF 6 À , was already suggested in voltammetry studies of Buttry 53,54 and Sagara. 58 The lower electron donor ability of ClO 4 À reduces the charge transfer between the viologen moiety and the co-adsorbed anion. 74 Increasing the electrode potential from E ¼ À0.200 V to E ¼ À0.600 V triggers the one electron reduction of V 21 2 V 1d . The simultaneously acquired SEIRAS difference spectra show the evolution of strong positive bands around 1635, 1595, 1506 (5), 1336 (5), 1190 and 1025 cm À1 for both viologen adlayers. The spectroscopic response is completely reversible, and agrees well with our voltammetry studies (paragraph 3.1.). The data acquired at E ¼ À0.600 V are plotted in Fig. 3D and Fig. 3E . The prominent bands at 1635 and 1190 cm À1 can be assigned to the asymmetric inplane vibrations of the monomer radical cation V 1d . The others are attributed to ''activated'' totally symmetric (A g ) ring vibrations of the radical cation dimer (V 1d ) 2 , in which plane-to-plane arranged molecules are linked by p-bonding. [78] [79] [80] [81] [82] [83] The IR spectrum of the electrochemically generated dimer species is interpreted by the vibronic coupling in a one-dimensional charge transfer complex. 82 The negative band around 1100 cm À1 indicates the release of perchlorate ions upon the reduction V 21 2 V 1d . The radical cation monomer is stabilized in a hydrophobic environment 80 and by electrostatic attraction to co-adsorbed ClO 4 À anions. The spectra of HS-6V6-H ( Fig. 3D ) and HS-6V6-SH ( Fig. 3E ) demonstrate that the stability of the radical cation monomer appears to be higher in the monothiol adlayer. The formation of the radical cation dimer for the dithiol adlayer is facilitated by stronger p-interactions between the radicals compared to Coulomb interactions between radical monomers and anions, 82 as well as by the matching in the commensurability of the intra-assembly planes. 86 A comprehensive analysis of the steady state and time-resolved ATR-SEIRAS experiments on the self-assembly and electroreduction of HS-6V6-H and HS-6V6-SH on gold Au(111, 25 nm) will be given elsewhere. 87 
Interfacial structure of HS-6V6-H and HS-6V6-SH
In situ STM was applied to monitor viologen adlayers assembled according to the preparation protocols (1) to (3) . Exposure of an Au(111)-(1 Â 1) electrode to a 50 mM ethanolic solution of HS-6V6-H or HS-6V6-SH for 1 min generated a low coverage, liquid-like disordered adlayer (protocol 1). Modification according to protocol 2 (2 min contact with 50 mM ethanolic viologen solution, 12 h annealing in pure ethanol at 70 1C) resulted in highly ordered, but extremely fragile adlayers. Both HS-6V6-H ( Fig. 4A and 4B) and HS-6V6-SH ( Fig. 4D and 4E ) assemble on Au(111)-(1 Â 1) in À0.70 V r E r À0.20 V, i.e., the stability ranges of V 21 and V 1d (V 1d ) 2 , in regular arrays of parallel stripes, which cover the entire substrate surface. Typical results for E ¼ À0.20 V are summarized in Fig. 4 . The stripes are not uniform. Bright and dark contrast patterns alternate. Individual domains extend 10 to 50 nm. Neighboring domains with sharp boundaries are mutually rotated by multiples of 1201 indicating registry of the adlayer with respect to the hexagonal substrate surface. This hypothesis is supported by the faceting of steps (Fig. 4A ). Steps are aligned with characteristic angles of 1201.
Step edges are decorated by parallel molecular rows. Occasionally one observes monatomically high gold and/or vacancy islands at domain boundaries. High resolution experiments such as shown in Fig. 4B and 4E reveal more details of the molecular adlayers. Rows composed of two (HS-6V6-H) or a more complex pattern (HS-6V6-SH) of bright dots (trace a) are separated by parallel rows of dark grey (trace b) respective light grey (trace c) ellipsoidal-like segments. Their axes exhibit characteristic tilt angles with respect to the main row direction, which were estimated to be 60 AE 51 (light grey rows) and 90 AE 101 (dark grey rows). The resulting, nearly equilateral zig-zag motif is indicated in both high resolution images. Parallel rows of the same type are separated by (2.6 AE 0.3) nm and (2.7 AE 0.3) nm for HS-6V6-H and HS-6V6-SH, respectively. Cross section profiles reveal a common periodicity of (0.50 AE 0.05) nm between individual features of each type of row, but distinct differences in the apparent corrugation height. Fig. 5 illustrates the corresponding results for HS-6V6-H. We estimated 0.14 to 0.19 nm (trace a), 0.03 to 0.06 nm (trace b) and 0.05 to 0.12 nm (trace c). Similar data were obtained for HS-6V6-SH. The above results suggest a commensurate repeat motif with a ¼ 0.50 AE 0.05 nm (¼ O3 a Au ) parallel and b ¼ 2.6 AE 0.3 nm (B9 a Au ) perpendicular to the molecular rows.
In an attempt to derive structural models of the two adlayers we notice that the values of the apparent corrugation heights are similar to data reported for alkanethiols 88 aligned with their C-C-C backbone parallel, and for aromatic molecules 89 oriented with the p-system of the phenyl ring planar or slightly tilted to the Au(111) surface. This arrangement appears to be applicable for the two viologen adlayers prepared according to protocol 2. The conclusion is also supported by our Fig. 4 In situ STM images of HS-6V6-H (Fig. A, B and C) and of HS-6V6-SH ( Fig. D, E 
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SEIRAS results (paragraph 3.3). Striped adlayers of molecules aligned parallel to the substrate surface have been described for low coverage phases of alkanethiols, 77,88,90 alkanedithiols 77,91,92 and several n-phenyl-alkanethiols on Au(111). [93] [94] [95] An enhancement of the tunneling current was observed in the vicinity of the sulfur group, often apparent as bright spots or slightly elongated features, [90] [91] [92] while the alkyl chains are observed as thin bands of rather dark contrast. 90, 91 Aromatic groups, such as phenyl-, biphenyl-or bipyridine-units were also reported to enhance the tunneling contrast. 89, [96] [97] [98] In applying this knowledge to the present case we notice that the width of the dark rows (trace b) increases with the length of the alkyl chains when replacing the hexyl groups by octyl (C 8 ) or decyl (C 10 ) in HS-6V6-H respective HS-6V6-SH, while all other features in the bright and light grey rows do not change. 87 The dimensions of the corresponding repeat motifs, which all indicate commensurability to the underlying Au(111) lattice, are compiled in Table 1 . The values of b increase approximately 0.5 nm per (CH 2 ) 2 -unit, which exactly scales with twice the distance between neighboring CH 2 -groups. 99 In consequence, we assign the dark rows to the positions of the alkyl chains in a fully extended all-trans conformation with the molecular axis parallel to the surface plane. Although we could not resolve the gold lattice separately in these experiments, we assume, based on adsorption studies of alkanes on Au(111), 99 that the C-C-C axis aligns with the [1 1 0] direction of the hexagonal substrate. The light grey lines in Fig. 4B and 4E exhibit an internal structure, which resembles the arrangement of planar or extended stacking rows of bipyridine units in self-assembled monolayers. 97, 98 In analogy to these reports we attribute the light grey rows in the high resolution STM images tentatively to the positions of the viologen moieties. The intermolecular distance between neighboring units, 0.43 nm (¼ O3 a Au sin 601) is too small to allow a plane-parallel arrangement to the substrate, but also too large for a perfect stacking structure. The latter is not expected to be stable due to electrostatic repulsion between 4,4 0bipyrdinium dications. Based on crystallographic studies with co-crystallized ClO 4 À ions 74 we propose a slightly tilted and twisted conformation of the two rings. The more open motif could also accommodate the co-adsorbed ClO 4 À ions. The exact arrangement could not be resolved in more detail. Despite the limited knowledge, we can assume a sufficiently open arrangement of the viologen units, which, most probably, is stabilized by co-adsorbed ClO 4 À (cf. paragraph 3.3). Finally, we assigned the bright rows to the positions of the terminal sulfur functionalities. The suggested structural models of HS-6V6-H and HS-6V6-SH on Au(111)/0.05 M KClO 4 are drawn in Fig. 6 . We assume an antiparallel head-to-tail -S|CH 3 -configuration for the monothiol and a headto-head -S|S-configuration for the dithiol. The corresponding unit cells appear to be multiples of the characteristic repeat patterns (Fig. 4 ). They contain four (HS-6V6-H) respective two (HS-6V6-SH) molecules. The estimated coverage corresponds to the values of the voltammetry experiments ( Table 1 ). The STM experiments give slightly higher values because the molecular disorder existing at defects and domain boundaries is not accounted for in the calculations.
When changing the electrode potential to À0.600 V, i.e., the radical cation V 1d (V 1d ) 2 is present, we observed an increasing instability of the ordered molecular adlayers. While the main structural pattern is not changing, the light grey rows, previously attributed to the positions of the viologen moieties, could be easily distorted. This observation indicates a lower stability of the twodimensional adlayer pattern.
We also report on the high coverage adlayers of HS-6V6-H and HS-6V6-SH formed according to protocol 3. We obtained monolayers for both systems. The monothiol forms an expanded hexagonal adlayer, which covers the entire substrate surface (Fig. 4C) . The structure resembles a (O7 Â O7) motif. The resulting coverage amounts to 3.3 Â 10 À10 mol cm À2 , which is in good agreement to the voltammetry data. The adlayer is composed of many, atomically deep vacancy islands with a typical size of 2 to 5 nm in diameter. The defects distort the molecular structure considerably. The open structure is expected due to the bulky size of the tilted viologen moiety (cf. paragraph 3.3), which prevents a (O3 Â O3) arrangement. The latter is often observed for high coverage adlayers of thiols on Au(111). 88, 90, 95 No ordered structure was found for the high coverage phase of upright HS-6V6-SH molecules on Au(111)-(1 Â 1) (Fig. 4F) . The difference to the monothiols nicely illustrates the structuredetermining role of the alkyl chain above the aromatic group as already pointed out by Ulman et al. 100 We did not observe any evidence of multilayer adsorption. However, the latter was detected if the experiment was carried out in the presence of oxygen.
Addressing of local redox-activity
Employing an in situ STM configuration (four electrode arrangement) we recorded current-distance and current-voltage characteristics (cf. paragraph 2.5) to explore electron transport and tunneling properties of single and/or small assemblies of redox-active viologen derivatives immobilized on well-defined gold electrodes. Specifically, we aim to address the fundamental question how does the molecular conductivity change by tuning the redox state of the molecule (the ''electrochemical gate effect'').
Symmetric molecular junctions Au(T)|HS-6V6-SH|Au(S). The first approach involves the repeated formation and breaking of molecular junctions between a polyethylene coated gold tip and a Au(111)-(1 Â 1) substrate electrode modified with HS-6V6-SH. The dithiol is composed of two SHanchor groups, which could bridge the tip and the substrate electrodes and form molecular junctions. We have chosen a low-coverage, liquid-like phase to prevent two-dimensional long- Table 1 Repeat motif (a, b, a) and unit cell (a 0 , b 0 , a 0 ) parameters of the low coverage ''striped'' phases of viologen mono-and dithiols on Au (111) View Article Online range order within the organic adlayer, and therefore to allow for different surface conformations of planar oriented HS-6V6-SH molecules. The study was carried out under potential control in 0.05 M KClO 4 , pH adjusted to 7, in a chamber filled with argon to prevent exposure to oxygen. Attempts to create individual Au(T)|HS-6V6-SH|Au(S) junctions are based on slight, but distinct modifications of two techniques recently introduced by Tao 25 and Haiss. 26 The experiment started under feedback control with a setpoint current of 100 pA ensuring negligible interactions between the STM tip and the organic adlayer. The tip-sample distance was estimated, according to eqn. (1): 50
/h as the conductance quantum, k ¼ 10.12 eV À1/2 nm À1 and assuming a rectangular potential barrier with a typical height F ¼ 1.0 eV, 50 one obtains for |E T À E S | ¼ 0.10 V z o B 1.11 nm. This value was considered as the upper limit of the approaching distance Dz a . Typically, we have chosen (z o À Dz a ) with Dz a ¼ 1.0 nm to ensure sufficiently strong interaction between the uncoated very end of the gold tip and the disordered HS-6V6-SH adlayer, but also to prevent Fig. 7A shows the low current range of two characteristic stretching curves recorded at E S ¼ À0.250 V and E T ¼ À0.150 V in 0 o i r 100 nA. The traces are non-exponential exhibiting a series of plateaux with a typical length of 0.2 to 0.3 nm which are separated by abrupt steps (''type 1'') or by segments of a gradually decreasing current (''type 2''). The corresponding currents are rather low, and cannot be attributed to the well-known conductance quantization of a metal nanowire. 25 Instead, we ascribe these conductance steps to the breaking of individual, respective multi-molecular (HS-6V6-SH) junctions previously formed between the gold STM tip and the View Article Online substrate surface 25, 26 This hypothesis is supported by the following observations: (1) Only exponentially decaying current-distance traces were found for the bare supporting electrolyte in 0 o i r 100 nA (cf. dotted curves in Fig. 7A ).
(2) No current steps or extended plateaux were detected for the monothiol HS-6V6-H. This molecule contains only one HS-group, and is therefore not capable to form stable molecular bridges between the two gold electrodes. (3) There exist only discrete plateau currents in the i-Dz curves (Fig. 7B) , which show a distinct dependence on the applied electrode potential (see Fig. 8 ).
We notice that non-exponential i-Dz characteristics were found in 30 to 40% of all the stretching transients. We attribute this observation to the small electrochemically active area of our coated gold STM tips and to the explicitly chosen low coverage of adsorbed HS-6V6-SH. Inspection of the electrode surface by in situ STM imaging provided a clue to the different nature of the two types of i-Dz traces. Individual transients with extended plateaux and rather large current steps (Di { 0.5 Fig. 7B . The peaks correspond to 1, 2 or 3 molecules in the gap between two gold electrodes. The peak positions were determined by Gaussian fits (dashed lines) to the histogram peaks (black solid line as the sum of the Gaussians). The inset shows the linear correlation between current and peak number. Fig. 9B represents a plot of the single molecule conductance currents of Au(T)|HS-6V6-SH|Au(S) junctions vs. the substrate potential E S at fixed bias (E T À E S ) ¼ 0.100 V. The sign convention of the bias voltage gives the negative conduction currents. Each data point was obtained from histograms similar to the one in (A). The dotted line corresponds to the macroscopic current-voltage curve for the reduction of V 21 -V 1d (cf. cyclic voltammograms in Fig. 1B ). nA) generated typically small gold islands on the Au(111) surface with a diameter of 3 to 5 nm. Fig.  9 illustrates a characteristic STM sequence acquired simultaneously with the recording of successive i-Dz traces of type 1. The x-y positions of the individual transients are indicated by the arrows in the frames 1, 3 and 5 while the even-numbered frames show the same surface area with the newly created monatomically high gold islands. We observed no indications of a tip crash. We favor the idea that these islands are the result of a substantial material transfer from the gold STM-tip accompanied with the rupture of a large number of local molecular junctions. No evidence of gold islands or of any other morphological changes of the substrate surface were detected for i-Dz traces with extended plateaux and gradually decreasing current segments (''type 2'') as well as for ''type 1'' transients with small current steps (Di { 0.5 nA).
In an attempt to explore the conductance properties of single molecule junctions Au(T)|HS-6V6-SH|Au(S) we carried out systematic stretching experiments in the low current regime (i o 10 nA) at various substrate potential E S while keeping the bias voltage (E T À E S ) fixed. In order to minimize contributions from direct tunneling between tip and substrate we restricted the quantitative analysis to i o 1.0 nA. Fig. 7B illustrates, as an example, the low current segments of i-Dz stretching transients recorded at E S ¼ À0.250 V and (E T À E S ) ¼ 0.100 V. Following a proposal by Haiss et al., 26 we carried out a statistical analysis of the plateau currents and constructed histograms for substrate potentials in À0.750 V r E S r À0.250 V, i.e. ,within the range of the reduction process V 21 2 V 1d . The histograms, which contain data of more than 500 individual transients, show a characteristic series of peaks corresponding to one, two or three molecules in the gap. A typical histogram, which was obtained from data acquired at E S ¼ À0.250 V, is plotted in Fig. 8A . Fitting these histograms with Gaussians determines the peak centers and the full width at half maximum. These peak values are then plotted vs. the peak number, and the linear slope yields the current of a single Au(T)|HS-6V6-SH|Au(S) junction at fixed bias. We observed linear slopes of the corresponding current-voltage curves for small bias values |E T À E S | r 0.100 V. The resulting single molecule conductance currents are plotted in Fig. 8B as a function of E S at (E T À E S ) ¼ 0.100 V. The conductance is rather constant in the stability region of the oxidized viologen dication V 21 , increases at E S o À0.400 V and appears to reach a plateau at E S r À0.700 V, i.e., past the formal potential of the reversible redox process V 21 2 V 1d . Attempts to extend the experiment to potentials more negative than E S gave rather scattered results due to the onset of hydrogen evolution at the chosen pH of 7 and/or due to the increasing reduction current of trace amounts of oxygen in the system. The change of the single-molecule conductance was also reported by Haiss, 26 however, no plateau was observed by these authors. The differences between the results of the Liverpool group and those reported in this paper might be attributed to the different electrolytes used and/or to the presence of oxygen which is known to significantly alter the association and redox-properties of dithiol-functionalized viologens. 52 We tentatively attribute the sigmoidal-type increase of the molecular conductance current to the higher electron density and the higher conjugation of V 1d compared to V 21 . This view is supported by force field calculations of Hester et al. 78 They reported that the inter-ring bond order increases when the viologen dication transforms into the radical upon reduction, which implies that the aromatic character extends across both rings for the latter compound. The values of the single-molecule conductivities of Au(T)|HS- Fig. 9 Series of in situ STM images acquired simultaneously with three successive i-Dz traces of type 1 for a disordered adlayer of HS-6V6-SH on Au(111) in 0.05 M KClO 4 . The white arrows in the images with odd numbers represent the formation of small gold islands immediately after the completion of an individual pulling event. The experiment was carried out at E S ¼ À0.250 V and E T ¼ À0.150 V, i T ¼ 100 pA. We notice, that the negative potential (and charge density) caused the partial reconstruction of the substrate surface (indicated by corrugations with a double row pattern), which could not be prevented by the low concentration of viologen.
6V6-SH|Au(S) junctions are higher than those reported for dodecanedithiol (DT, 0.121 nS), 101 and are comparable with results for 11,11 0 -bis(4-thiomethylphenyl)-11,11 0 -diapocarotene (C, 2.06 nS). 102 All three molecules exhibit approximately the same lengths, and consist of two anchor groups separating an insulating aliphatic chain (DT), a conducting polyene backbone (C) or a dialkyl-viologen unit (this work). The comparison of these three systems clearly demonstrates the sensitivity of the chosen approach to the molecular structure.
Due to the limited number of experimental data points at more negative substrate potentials based on current-distance stretching curves under the present experimental conditions, we postpone the more detailed discussion of possible ET scenarios after reporting results of a second, rather complementary approach, which is also based on an in situ STM configuration.
Asymmetric molecular tunnel junction Au(T)-S-6V6-H|Au(S). The second approach to explore local electron transfer properties of alkylthiol-terminated viologens is based on a HS-6V6-Hmodified gold nano-electrode, which was inserted as a tip in an in situ STM configuration. We have chosen the monothiol as the redox-active reactant because it is less sensitive to oxygen and chemically more robust than the dithiol. The adsorption on gold electrodes is well defined, and has been carefully investigated by in situ STM and SEIRAS employing macro-electrodes. HS-6V6-SH and HS-6V6-H exhibit similar assembly and redox-properties because both contain the functional viologen moiety, two symmetrically arranged alkyl spacer groups of the same length and identical bromide counter ions. The fabrication and characterization of the HS-6V6-SHmodified gold tips have been described before in paragraphs 2.3, 2.5 and 3.2. Pre-selected tips were mounted in the STM setup and stabilized in a carefully controlled argon atmosphere. Contact to the electrochemical STM cell was established under strict potential control of tip and substrate and in the absence of oxygen. The cell was filled with 0.05 M KClO 4 . The pH of the electrolyte was adjusted to 7 with KOH to ensure the chemical integrity of the viologen and to provide a sufficiently wide potential range of ideal polarizability of tip and substrate. The latter was a viologen-free Au(111)-(1 Â 1) electrode (cf. paragraph 3.1). The tip voltammogram (i vs. E T ) was recorded as a background curve, in the absence of tunneling, with 2 V s À1 in À0.650 V r E r À0.200 V (dotted Fig. 10 Tunneling current versus tip potential recorded in 0.05 M KClO 4 at pH 7 for an asymmetric tunnel junction Au(T)-S-6V6-H|Au(S) at fixed bias (E T À E S ) ¼ 0.100 V. The solid black trace represents the average of 20 independent half cycles recorded when scanning the tip potential between À0.650 V and À0.200 V either in positive or in negative direction at 2 V s À1 , with the feedback being switched off during each individual cycle. The plotted curves are corrected for the electrochemical response of the HS-6V6-H-modified gold tip in the absence of tunneling. This trace is shown as a dashed line. The thick solid and dotted lines represent the result of a Gaussian fit to the redox-molecule-gated tunneling junction. line in Fig. 10A ). The observed response is determined by (i) the charge to build up the electrochemical double layer and (ii) the Faraday charge due to reduction and re-oxidation of immobilized HS-6V6-SH. The tunnel junction between the viologen-modified tip and the bare Au(111)-(1 Â 1) electrode was formed by approaching the tip towards the surface under feedback control until its position was stabilized at a tunneling setpoint current i T ¼ 100 pA. Tip (E T ) and substrate (E S ) potentials were adjusted in the stability range of the oxidized viologen V 21 . These conditions minimized the interactions between substrate and modified tip. i T vs. E T curves were recorded with the feedback switched off during the negative and positive going scans in À0.650 V r E r À0.150 V at 2.0 V s À1 and at constant bias (E T À E S ) ¼ 0.10 V. The latter entails parallel variation of substrate and tip potential relative to a common reference electrode. Both half-cycles exhibit characteristic maxima. After each complete cycle, the feedback was activated again, and the system was given sufficient time to stabilize. An average trace obtained from 20 independent negative and positive half-cycles, which were corrected for the corresponding electrochemical response of the gold tip in the absence of tunneling, is plotted in Fig. 10 . The curve shows a welldefined maximum i M ¼ (0.89 AE 0.10) nA at E M ¼ À(0.44 AE 0.02) V, which is close to the equilibrium potential of the one-electron redox process V 21 2 V 1d (paragraphs 3.1. and 3.2.). i T decreases significantly at |E S À E M |4 0.10 V and approaches the initially preset tunneling current of 100 pA. This trend illustrates the sufficient stability of the HS-6V6-H-modified tunnel junction during the sweep experiment. The i T À E T characteristics can be modeled by a Gaussian peak function, which gives 0.14 AE 0.02 V as the FWHM. The current of the maximum at EM is significantly larger than the electrochemical background signal and can be attributed convincingly to an enhanced tunneling response. Control experiments with bare gold tips and tips modified with inactive dodecanethiol did not produce these features. We assume that the main contribution to the enhanced tunnel signal originates from one or a small number of redox-active molecules since only few of them will protrude deeper into the gap than others. Since the tunneling current decreases exponentially with distance, the contributions of molecules adsorbed further away from the tip apex are expected to be negligible small.
The appearance of the maximum in the tunnel current can be rationalized as follows: 21 The formation of a junction Au(T)-S-6V6-H|Au(S) implies that a molecule with discrete electronic levels is located in the gap between substrate and tip, both representing continuous distributions of electronic levels. The localized electronic states are broadened by interactions of the redox-center with the surrounding electrolyte 103, 104 and with the substrate. 105 The interaction with the substrate shall be rather small due to the alkyl-spacer unit (C 6 ), which spatially separates the SH-anchor group and the redox-active viologen moiety. The broadening introduced by interactions with the solvent arises from the fluctuations of the polar molecules that constantly shift the energy level of the redox center via changing the potential experienced by the electrons in the redox-center. However, the single-electron transfer reorganization Gibbs free energy l R in the tunneling gap is thought to be significantly smaller than in the semi-infinite space in ''classical electron transfer''. 21 As the redox level is exposed to part of the potential drop (E T À E S ) a maximum is expected in the current-voltage characteristics. Variation of the overpotential at fixed bias (E T À E S ) is equivalent to a parallel shift of the Fermi levels of tip and substrate. The current first rises as the redox level approaches one of the Fermi levels (here the substrate Fermi level). Further increase leads to the current decrease as vacant levels of the positively biased electrode become increasingly thermally inaccessible. These expectations apply if e Á (E T À E S ) r l R . The position of the tunneling current maximum provides criteria to distinguish between different mechanisms of electron transfer (ET). 19, 21, [43] [44] [45] Resonance tunneling 19, 44 and a mechanism based on coherent two-step ET 21, 43 predict a maximum in the tunneling current, but in both cases it is expected to be shifted from the equilibrium potential by the reorganization Gibbs free energy l R . A maximum located exactly at the equilibrium potential is predicted for a sequential two-step ET if the bias potential drop at the site of the redox-center is close to half the total potential drop (E T À E S ). 45 This theoretical treatment considers the ET in a redox-molecule functionalized tunneling junction as two consecutive interfacial single ET steps with vibration relaxation between the steps. The process comprises a cycle of consecutive molecular reduction and re-oxidation. A particularly interesting feature in the fully adiabatic limit is that each oxidation|reduction cycle is composed of manifolds of interfacial ET events at both electrodes enhancing the electron tunneling significantly, compared to the single ET. 
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Tentatively we favor the sequential two-step ET mechanism to explain the experimental i T vs. E T characteristics of the Au(T)-S-6V6-H|Au(S) tunnel junction. Experiments are in progress to systematically modify composition and structure of the redox-molecule functionalized tunneling junction.
Comparing the results of the current-distance characteristics recorded in stretching experiments with preformed symmetric Au(T)|HS-6V6-SH|Au(S) junctions with the current-voltage characteristics of asymmetric Au(T)-S-6V6-H|Au(S) junctions we may conclude that the former experiment involves dominant contributions from electron transport through the ''molecular skeleton''. The result of the second experimental approach yielded an enhanced tunneling response due to the activation of a molecular redox state, which appears to be strongly coupled to environmental (solvent) influences. Considerable experimental and theoretical efforts are anticipated to develop a more detailed understanding on the complementary nature of these two experimental approaches for addressing the local molecular redox-activity in an electrochemical environment.
Summary and conclusions
(1) Two redox-active viologen derivatives, N-hexyl-N 0 -(6-thiohexyl)-4,4 0 -bipyridinium bromide (HS-6V6-H) and N,N 0 -bis(6-thiohexyl)-4,4 0 -bipyridinium bromide (HS-6V6-SH), were synthesized based on a modification of literature procedures. The compounds were obtained in very high purity at good yields.
(2) The self-assembly and redox-properties of HS-6V6-H and HS-6V6-SH, immobilized on Au(111)-(1 Â 1) macro-electrodes and Au(poly) nano-electrodes were investigated by cyclic voltammetry, surface enhanced infrared spectroscopy (SEIRAS) and in situ scanning tunneling microscopy (STM). The strict elimination of the oxygen exposure during the assembly and characterization steps enabled us to identify three distinct types of adlayers for both viologens: a low coverage disordered and a low coverage ordered ''striped'' phase of flat oriented molecules, and a high coverage monolayer composed of tilted viologen moieties. Using the primitive gold lattice as a basis one could represent the commensurate striped phases in matrix notation as 18 1 À2 4 (HS-6V6-H) and 18 1 À1 2 (HS-6V6-SH), respectively.
(3) The ATR-SEIRAS experiments revealed that the one-electron reduction V 21 -V 1d yields, under our experimental conditions, preferentially the radical cation monomer (V 1d ) for HS-6V6-H, while a substantial amount of the radical cation dimer (V 1d ) 2 was observed with (HS-6V6-SH).
The viologen adlayers appear to be stabilized by co-adsorption of ClO 4 À , which replace Br À ions upon exposure of the modified gold electrodes to an aqueous electrolyte containing 0.05 M KClO 4 .
(4) An in situ STM configuration was employed to explore electron transport properties of single molecule junctions Au(T)|HS-6V6-SH(HS-6V6-H)|Au(S) based on analyzing current-distance stretching characteristics. The observed sigmoidal potential dependence of the single molecule conductance, measured at variable substrate potential E S and at constant bias voltage (E T À E S ), was attributed to electronic structure changes of the viologen moiety during the one-electron reduction/re-oxidation process V 21 2 V 1d . The simultaneous recording of in situ STM images and successive i-Dz traces revealed structural insight into the nature of the ''pulling'' experiment. Comparison with literature data shows that single molecular conductivities, as determined in Au(T)|HS-bridge-SH|Au(S) junctions, demonstrate convincingly a molecular structure dependence of the measured signals.
(5) Tunneling experiments in asymmetric, STM-based junctions Au(T)-S-6V6-H|Au(S) resulted in current (i T )-voltage (E T ) curves with a well-defined maximum located at the equilibrium potential of the redox-process V 21 2 V 1d , where the surface concentrations of the oxidized and of the reduced form of the reactants are equal. The experimental i T À E T characteristics of the HS-6V6-Hmodified tunneling junction were tentatively attributed to a sequential two-step electron transfer mechanism. This experimental result opens up a fascinating approach to explore local electron transfer, and will hopefully inspire further experimental and theoretical activities.
